Abstract Three different dietary additives were evaluated based on growth performance, innate immune responses and disease resistance in juvenile Amur catfish Silurus asotus. Four diets were prepared by supplementing 0.4% Song-gang Ò stone (SG), 0.05% Yucca meal (YM), 0.05% b-glucan (BG) in combination with 0.04% SG and 0.05% BG (SG ? BG) to a basal commercial diet (control; CONT). Triplicate groups of fish averaging 4.95 ± 0.05 g were fed one of the test diets between 3 and 5% body weight for 8 weeks. At the end of the feeding trial, weight gain, specific growth rate, feed efficiency and protein efficiency ratio of fish fed SG and SG ? BG were significantly higher than those of fish fed the BG and CONT diets (P \ 0.05). Lysozyme activity in fish fed the SG, YM, and SG ? BG diets was significantly higher than those of fish fed the CONT diet. Super oxide dismutase (SOD) activity was significantly higher among fish fed the SG, YM, BG and SG ? BG diets than fish fed the CONT diet. After 14 days challenge test with Edwardsiella tarda, cumulative survival rates of fish fed the SG and SG ? BG diets were significantly higher than those of fish fed the BG and CONT diets. Results revealed that dietary SG or SG ? BG diets had positive responses over other additives in juvenile Amur catfish. However, Song-gang Ò stone is proposed to be a cheaper dietary additive contributing 0.04 cents/kg of feed based on economic point of view.
These approaches have recently gained attention among fish nutritionists, aquaculture researchers and farmers globally. Feed additives generally used in aquaculture are growth promoters, immune enhancers, antimicrobial agents, antioxidants, binding agents, enzymes, organic acids, feeding/palatability enhancers, probiotics and prebiotics and hormones (NRC 2011) . They are added in the aqua feeds to increase the physical or chemical properties of the feed in terms of enhancing fish performance or the quality of resulting product. Nonetheless, during the selection of feed additives their contribution to feed costs should also be considered, since feed costs depending on the source and quality of the protein account for about 40-50% of the total production costs in aquaculture (Craig and Helfrich 2009) .
Immune stimulants are naturally occurring compounds that modulate the immune system by increasing the host's resistance against diseases caused by pathogens (Bricknell and Dalmo 2005) . They stimulate nonspecific immune responses when given alone or the specific immune responses given with an antigen. Dosages of immune stimulants that have been given to aquatic organisms play an important role in the stimulation of immune response (Meena et al. 2013) . Immune stimulants include the extracts from naturally occurring minerals, plants, microbes and animal infractions (NRC 2011) . Song-gang Ò stone (SG) is a naturally sourced and purified mineral material from the Republic of Korea comprising predominantly of iron oxide (Fe 2 O 3 ), silicon dioxide (SiO 2 ), aluminum oxide (Al 2 O 3 ), potassium oxide (K 2 O), sodium oxide (Na 2 O), and other trace compounds (Lee et al. 2015a; Won et al. 2017) . It is considered as one of the important naturally sourced mineral materials that enhances the health status of fish (Choi et al. 2004; Lee et al. 2015b; Won et al. 2017) . Fish farmers in the Republic of Korea use Song-gang stone Ò (SG) at 0.5% as dietary inclusion which gives a positive response in olive flounder aquaculture (Choi et al. 2004 ). Lee et al. (2015a) suggested that 0.4% (dry matter basis) is the optimum dietary inclusion level for yellow loess (YL) in the diet of rainbow trout. Likewise, Won et al. (2017) found that 0.4% of SG or YL supplemented diet could replace oxytetracycline (OTC) in juvenile and subadult rainbow trout. The Yucca schidigera (Agavaceae) has been recognized as an immune stimulant with anti-inflammatory effects (Cheeke et al. 2006) . It contains active phytochemicals and a rich source of steroidal saponins (Piacente et al. 2005) . Yucca polyphenols also act as antioxidants (Oakenfull and Sidhu 2005; Piacente et al. 2005) . Yucca extracts have been found to promote growth, improve immune system, antimicrobial ability and stimulate appetite and anti-stress characteristics. Inclusion levels of yucca extract in aqua feeds include: 0.075% (Gaber 2006 ) and 0.1-0.58% for Nile tilapia (Njagi et al. 2017) , 0.1% for striped catfish (Güroy et al. 2014) . The b-glucan (BG) is an inactivated natural microbial product that is also recognized for its immunomodulatory roles in aquatic organisms (NRC 2011) . Positive effects of the bglucan on growth, survival, and immune response of fish species against infectious pathogens has been demonstrated either alone or in combination with other immune stimulants or probiotics (Meena et al. 2013 ). It influences non-specific or innate immune responses such as increased lysozyme production and superoxide anion production in activated macrophages, thereby, reducing fish mortality when exposed to pathogens (NRC 2011) . Low doses of b-glucan have been suggested to enhance growth and innate immunity in different cultured fish species (Ai et al. 2007; Yoo et al. 2007; Das et al. 2013; Sirimanapong et al. 2015) .
The Amur catfish, Silurus asotus, belongs to the family Siluridae (sheatfishes). It is distributed in Japan, Republic of Korea, China and Taiwan. It is the second freshwater farmed fish species with a production of 4607 tons in the Republic of Korea in 2014 (FAO 2016 . Several dietary additives have been identified to promote growth and immune responses in the aquaculture industry (Choi et al. 2004; Ai et al. 2007; Yoo et al. 2007; NRC 2011; Güroy et al. 2014; Lee et al. 2015b; Shahkar et al. 2015) ; however, each dietary additive could produce different levels of responses in individual fish species and contribute differently to feed cost. In this regard, the effects of dietary additives from mineral sources have not yet been investigated in Amur catfish. Consequently, this study was designed to evaluate the effects of dietary SG, YM, BG and a combination of SG and BG on growth performance, innate immune responses and disease resistance in juvenile Amur catfish.
Methods

Experimental design and diets
A basal commercial catfish diet (Catfish premium; Woosung Feed Co. Ltd, Republic of Korea) (Table 1) without additive inclusion was used as the control diet and four other diets were prepared by supplementing 0.4% Song-gang Ò stone (SG) which contains 73.4% silicon dioxide (SiO 2 ) and 15.5% aluminum oxide (Al 2 O 3 ), 0.05% Yucca meal (YM) which contains 30% Yucca schidigera extract and 2.39% saponin, 0.05% bglucan (BG) which comes from yeast cell wall and a combination of 0.4% SG and 0.05% BG (SG ? BG) ( Table 2 ). The supplementations of the additives are based on our previous research findings (Yoo et al. 2007; Njagi et al. 2017; Won et al. 2017) . The unit price of SG, YM and BG is US$ 0.89/kg, US$ 15.21/kg, US$ 26.84/kg, respectively; and the price contribution for the unit kg of feed of SG, YM and BG is US 0.04 cents (¢), US 0.08 cents (¢), 1.34 cents (¢) and US 1.7 cents (¢), respectively. The commercial feed was grounded into powder with a laboratory grinding machine and sieved before addition of the feed additives. Required levels of the feed additives were weighed with an electronic balance (± 0.01 g) and solubilised with filtered tap water before its addition to the powdered feed and mixed in a laboratory electric feed mixer. Water was added at 50 mL/100 g feed. The resultant mixture was pelleted with a laboratory pelleting machine without heating using a 2-mm diameter module (Baokyong Commercial Co., Busan, Republic of Korea) and air dried for 3 days. The dried feeds were sieved and packaged in zipper bags, labeled and stored at -20°C before the feeding trial.
Fish and feeding trial
The study was conducted at the Feeds and Foods Nutrition Research Centre (FFNRC), Pukyong National University, Busan, Republic of Korea. A total of 400 juveniles of Amur catfish were obtained from the Namsangju fish farm (Namsangju, Republic of Korea). Prior to the start of the feeding trial, all fish were fed the basal diet twice a day for 2 weeks to acclimate with the experimental condition. The feeding trial was conducted in an indoor semi-recirculating system with 15 aquaria (50 L) receiving a constant water flow of filtered freshwater at the rate of 2 L/min from the central tank. Half of the water was exchanged daily by pumping filtered fresh water to the central tank. Supplemental aeration was provided to maintain dissolved oxygen level near saturation and water temperature was maintained at 25.0 ± 0.1°C using water heaters throughout the experimental period. Three hundred fish averaging 4.92 ± 0.05 g [mean ± standard deviation (SD)] were weighed and randomly distributed into the 15 indoor aquaria (20 fish/tank). Each aquarium was then randomly assigned one of three replicates of the five dietary treatments. Fish were fed one of the above mentioned diets twice daily (0900 and 1800 hours) ad libitum for 8 weeks. Experimental tanks were siphoned 
2 h after feeding to remove fecal matter and uneaten feed. Mortality was checked daily; dead fish were removed immediately and weighed, and the amount of feeds for the tanks adjusted to the proper percentage of the remaining fish weight in the tanks. Dead fish were not replaced during the experiment. Total fish weight in each aquarium was determined at the end of the fourth week as the mid-term sampling and the amount of diet fed to the fish was adjusted accordingly. Finally, the total fish weights in the aquaria were measured at the end of the eighth week. Fish were starved 24 h before each measurement to avoid inclusion of ingested feed in the weight measurements as well as to minimize stress.
Sample collection and analysis At the end of the feeding trial, all the fish in each aquarium were counted and weighed to calculate weight gain (WG), specific growth rate (SGR), feed efficiency (FE), protein efficiency ratio (PER), and survival rate (SR). Three fish per aquarium were randomly selected, weighed, and measured to calculate condition factor (CF); and then the fish were dissected to obtain liver and visceral masses for the calculation of hepatosomatic (HSI) and viscerosomatic (VSI) indices, respectively. Prior to the collection of liver and visceral masses for the HSI and VSI calculations, respectively, the same fish were also used to analyze serological characteristics. For the blood collection, fish were first euthanized with ethylene glycol phenyl ether (200 mg/L). Blood samples were obtained from the caudal vein of the fish with 1 ml syringes. Serum samples were obtained from the blood on clotting by centrifugation at 50009g for 10 min and stored at -70°C for the analysis of lysozyme and superoxide dismutase (SOD) activities. A turbidometric assay was used to analyze serum lysozyme activity (Sigma-Aldrich, St. Louis, MO, USA). The bacterium, Micrococcus lysodeikticus (0.75 mg/mL) was suspended in a sodium phosphate buffer (0.1 M, pH 6.24), 200 ll of suspension was placed in each well of 96-well plates and 20 lL of test serum was added subsequently. The reduction in absorbance of the samples was recorded at 450 nm after incubation at room temperature (25°C) for 0 and 60 min in a microplate reader (UVM 340, Biochrom, Cambridge, UK). A reduction in absorbance of 0.001/min was regarded as one unit of lysozyme activity. The lysozyme activity was calculated using the following equation:
Units=ml ¼ ðDA 450 =minutes Â 1000Þ=mL enzyme in reaction mixture.
Superoxide dismutase (SOD) activity was measured by the percentage of reaction inhibition rate of the enzyme with WST-1 (Water Soluble Tetrazolium dye) substrate and xanthine oxidase using a SOD Assay Kit (Enzo ADI-900-157, Enzo Life Sciences Inc., Farmingdale, NY, USA) in accordance with the manufacturer's protocol. Each endpoint assay was monitored by absorbance at 450 nm (the absorbance-wavelength for the colored product of WST-1 reaction with superoxide) after 20 min of reaction time at 37°C. The percentage of inhibition was normalized by mg protein and presented as SOD activity units. Portions of serum were also used for analyses of biochemical parameters including serum total protein, glutamic oxaloacetic transaminase (GOT), glutamic pyruvic transaminase (GPT) and glucose using the commercial clinical kits with an analyzer (Fuji DRI-CHEM 3500i, Fuji Photo Film Ltd, Tokyo, Japan).
Three fish per aquarium were taken and pooled together according to the type of the diet fed and then homogenized and freeze-dried at -80°C for analysis. Proximate compositions of basal diet and fish were determined according to the standard procedures of AOAC (2000) in duplicate. Samples were dried to a constant weight at 105°C to determine the moisture content. Ash content was determined by incineration in a muffle furnace at 550°C for 3.5 h, crude lipid by ether extraction using the Soxtec system 1046 (Tecator AB, Hoganas, Sweden) and crude protein by the Kjeldahl method (N 9 6.25) after acid digestion.
The lyophilized pathogenic bacterium, Edwardsiella tarda (ATCC 15947, American Type Culture Collection) was obtained from the Department of Biotechnology, Pukyong National University, Busan, Republic of Korea. The E. tarda culture and identification process was followed by Park et al. (2016) with slight modifications. Briefly, thawed and fresh E. tarda was cultured in tryptic soy broth (TSB; Sigma-Aldrich) at 26°C for 24 h and stored at -80°C for further use. Bacterial growth was measured at OD 600 by spectrometer (Lambda 35; Perkin-Elmer, Waltham, MA, USA) followed by plate counting of colonies grown on tryptic soy agar (TSA; Sigma-Aldrich). The bacterial colony was identified by the API 20 E pathogenic bacteria identification kit (BioMérieux, Durham, NC, USA). Five fish were selected from each aquarium and acclimatized for 24 h after the feeding trial. Each fish was injected intraperitoneally with 0.1 mL of fresh bacterial suspension at a concentration of 2 9 10 8 colony-forming units (CFU)/mL based on a preliminary virulence test (50% lethal dose, LD 50 ) in groups of fish using the pathogenic bacterium E. tarda at different concentrations (10 6 -10 10 CFU/mL) for 7 days (data not shown). The cumulative survival rate of fish was monitored and fish mortality was recorded daily up to 14 days. For the confirmation of virulence of the bacterium, E. tarda, swabs from skin, gill, liver and kidney of dead fish were checked on modified selective agar at 22°C for 72 h in incubation and we confirmed that the mortality was due to the E. tarda by 16S rRNA gene sequencing.
Statistical analysis
All data were subjected to one-way analysis of variance (ANOVA) using SAS Program Version 9.1(SAS Institute, Cary, NC, USA) to test the effects of the different dietary treatments. When a significant effect was observed, Tukey's post hoc test was used to compare the means. Treatment effects were considered significant at confidence level of P \ 0.05. Survival analysis in challenge test was done based on Kaplan and Meier (1958) to determine the differences among survival curves (K-M curves). All data are presented as mean ± SD.
Results and discussion
The present study demonstrated that the dietary additives produced different response levels in terms of growth, feed utilization, immune responses and disease resistance in juvenile Amur catfish. The results revealed a more positive response of juvenile Amur catfish to Song-gang Ò stone (SG) as well as combination of SG and b-glucan (SG ? BG) compared with Yucca meal (YM), b-glucan (BG) and control (CONT) diets. The additives, b-glucan and Yucca meal have already shown their immunostimulating effects on fish (Yoo et al. 2007; Njagi et al. 2017) . In this study, the results demonstrated the potential effect of a mineral-based additive such as Song-gang Ò stone in the juvenile Amur catfish.
Growth
Growth performance of juvenile Amur catfish fed the experimental diets for 8 weeks is summarized in Table 3 . At the end of the feeding trial, weight gain (WG) and specific growth rate (SGR) of fish fed Songgang Ò stone (SG) and a combination of SG and b-glucan (SG ? BG) containing diets were significantly higher than those of fish fed the BG and control (CONT) diets (P \ 0.05). However, there were no significant differences among those of fish fed the SG, SG ? BG and YM diets, between those of fish fed the YM and BG diets as well as between those of fish fed the BG and CONT diets. Likewise, feed efficiency (FE) and protein efficiency ratio (PER) of fish fed the SG and SG ? BG diets were significantly higher than those of fish fed the BG and CONT diets (P \ 0.05). However, there were no significant differences in FE and PER among fish fed the SG, SG ? BG and YM diets (P [ 0.05). Moreover, fish fed the YM, BG and CONT diets did not show significant differences in terms of FE and PER. The observations with the SG diet is comparable to the findings by Lee et al. (2015b) and Won et al. (2017) with Song-gang Ò stone and yellow loess, respectively, in rainbow trout Oncorhynchus mykiss as well as Shahkar et al. (2015) with Macsumsuk Ò in Nile tilapia Oreochromis niloticus. Growth and feed efficiency improved in olive flounder Paralichthys olivaceus fed a combination of b-glucan and BAISM-contained diets (Yoo et al. 2007 ). Measurement and analysis of condition factor (CF), hepatosomatic index (HSI) and viscerosomatic index (VSI) are important in assessing food value in an animal, its health status and general well-being as well as the degree of pollutants in the environment where the animal lives (Ighwela et al. 2014 ). There were no significant differences in HSI, VSI and CF among fish fed the experimental diets which was an indication of good nutritional and health status of fish during the feeding trial. In this study, the highest survival rates (100%) recorded among the groups of experimental fish during the study could be attributed to the high acceptability of the experimental diets by the catfish.
Whole body proximate analysis
Whole body proximate compositions of juvenile Amur catfish fed the experimental diets are summarized in Table 4 . There were no significant differences in the whole body moisture and ash content among fish fed the experimental diets at the end of the feeding trial. Crude protein content in fish fed the YM diet was significantly higher than those of fish fed the SG, BG, SG ? BG and CONT diets (P \ 0.05). However, there were no significant differences in the whole body crude protein contents among fish fed the SG, BG, SG ? BG and CONT diets. In contrast, crude lipid in fish fed the YM diet was significantly lower than those of fish fed the SG, BG, SG ? BG and CONT diets (P \ 0.05). Fish fed the SG, BG, SG ? BG and CONT diets showed no significant differences in case of the whole body crude lipid content. Gaber (2006) reported the higher body protein content in Nile tilapia fed the Yucca-supplemented diet compared with the control diet and significantly lower body lipid content than that of the control diet. Similarly, Yilmaz et al. (2012) also reported lower crude lipid content in sea bass Dicentrarchus labrax fed the herbal extracts compared with the control diet. It can be speculated that plant extracts could reduce the crude lipid content in cultured fish. Table 2 B Weight gain (WG) = (final weight initial weight) 9 100/initial weight C Specific growth rate (SGR; %) = (ln final weight -ln initial weight) 9 100/days D Feed efficiency (FE; %) = wet WG (g) 9 100/dry feed intake (g) E Protein efficiency ratio (PER) = wet weight gain/protein intake Table 2 Serum parameters Serum parameters of juvenile Amur catfish fed the experimental diets are summarized in Table 5 . Hematological and serum parameters are good indicators of the health status of an organism and these can vary with season, temperature and nutritional status (Blaxhall 1972) . Lee et al. (2016) suggested that any unhealthy condition caused by dietary treatment could affect the hematological characteristics of fish. In this study, there were no significant differences (P \ 0.05) in terms of serum glucose, total protein (TP), glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT) among fish fed the experimental diets which is in agreement with Lee et al. (2015a) . Overall, in this study, the results of the serum parameters suggested that the dietary additives had no adverse effects on health status of fish (Blaxhall 1972) . 
Innate immune responses
Results on the innate immune responses of juvenile Amur catfish fed the experimental diets are presented in Fig. 1 (a, b) . Lysozyme activity was significantly higher among fish fed the SG, YM and SG ? BG diets than in fish fed the CONT diet (P \ 0.05). However, there were no significant differences in lysozyme activities between fish fed the BG and CONT diets (P [ 0.05). Moreover, fish fed the SG, YM, BG and SG ? BG diets did not show significant differences in terms of lysozyme activities. Superoxide dismutase (SOD) activity was significantly higher among fish fed the SG, BG, YM and SG ? BG diets than in fish fed the CONT diet (P \ 0.05). However, there were no significant differences in SOD activities among fish fed the SG, YM, BG, and SG ? BG diets (P [ 0.05). The results of the innate immune responses may attribute to the increased immunity of fish fed the additive supplemented diets compared to that of control diet. Innate immune response is the fundamental defense mechanism in fish and also plays a key role in the acquired immune response and homeostasis through a system of receptor proteins (Halver and Hardy 2002; Uribe et al. 2011; Reverter et al. 2014; Srivastava and Pandey 2015) . Lysozyme is produced mainly by macrophages in response to microbial components and many other immune stimulants (Siwicki and Anderson Siwicki and Anderson 1993; Ringø et al. 2012) and it is a preferred marker of the immune response due to its close association with leucocytes (Kiron 2012) . On the other hand, SOD are metalloenzymes that catalyze the dismutation of the superoxide radical (O 2-) into hydrogen peroxide (H 2 O 2 ) and molecular oxygen (O 2 ) (Shao et al. 2010) , which provides an important defense against oxidative damage. In line with the present study, improved immune responses have been recorded in cultured fish with several feed additives such as the combination of b-glucan and BAISM (Yoo et al. 2007 ), b-glucan (Ai et al. 2007) , herbal extracts (Chelladurai et al. 2014) , yellow loess (Lee et al. 2015b ), Song-gang Ò stone (Lee et al. 2015b ) and Yucca meal (Njagi et al. 2017 ).
Challenge test
The cumulative survival rate of juvenile Amur catfish fed the experimental diets after 14 days of intraperitoneal injection with E. tarda is shown in Fig. 2 . Mortality was recorded in fish fed the CONT diet from the third day after the injection, which may indicate the first sign of pathogenicity of injected bacteria on visual observation during the challenge test. At the end of 14 days, the cumulative survival rates of fish fed the SG and SG ? BG diets were significantly higher than those of fish fed the BG and control diets (P \ 0.05). However, there were no significant differences in cumulative survival rates among fish fed the SG, SG ? BG and YM diets (P [ 0.05). Moreover, fish fed the YM, BG, and CONT diets did not show significant differences in cumulative survival rates at the end of the challenge test. The bacterium, E. tarda is a gramnegative bacterium associated with the freshwater ecosystem. It can colonize in a wide variety of amphibians, reptiles and fish which may ultimately cause diseases in these animals that evidenced in emphysematous putrefactive disease of the catfish (Meyer and Bullock 1973) . In this study, results of the challenge test corroborated to the results of the WG, SGR, FE and PER in juvenile Amur catfish. These results with SG are similar to those of Lee et al. (2015a) and Won et al. (2017) reported with yellow loess and SG, respectively, in rainbow trout (Oncorhynchus mykiss) and Shakhar et al. (2015) with Macsumsuk Ò in Nile tilapia (Oreochromis niloticus) which were natural sources of minerals.
Conclusion
In conclusion, based on the WG, SGR, FE, PER, lysozyme, SOD and resistance against bacteria, dietary Songgang Ò stone (SG) and a combination of Song-gang Ò stone and b-glucan (SG ? BG) could have more positive responses compared to the YM or BG diet alone in terms of improved growth performance, innate immune responses and disease resistance in juvenile Amur catfish. Moreover, as the price contribution for the unit kg of feed of Song-gang Ò stone is only 0.04 cents (¢) kg -1 of feed, it could be the more cost-effective feed additive for catfish culture among the additives that we had tested.
